file. A number of studies have focused on the physiological and pharmacological distinctions between ventricular subepicardium and subendocardium.1-17 More recent studies have identified a unique subpopulation of cells (M cells) in the deep subepicardial layers of the canine ventricle with electrophysiological features intermediate between those of myocardial and conducting cells18 and pharmacological responsiveness different from that of either epicardium or endocardium.19,20
The purpose of this review is to summarize recent findings and concepts concerning heterogeneity within the ventricles. Our primary aim is to discuss some of the major distinctions in the electrophysiology and pharmacology of different cell and tissue types found within the ventricular wall. A secondary goal is to explore how differences in the electrophysiological characteristics and pharmacological responsiveness of these functionally distinct cell types may contribute to electrocardiographic manifestations (J, T, and U waves), as well as physiological and pathophysiological function. Although data from several mammalian species will be discussed, the review will focus on studies involving canine and feline ventricular tissues and cells. Please note that hereafter the terms endocardium and epicardium shall be used to refer to myocardial cells on the respective surfaces of the ventricular wall, representing the subendocardial and subepicardial layers.
Epicardium Versus Endocardium
Until recently, much of our knowledge about the electrical and mechanical activity of ventricular myocardium stemmed from studies of endocardial tissues or cells. Data obtained from endocardium were often generalized and considered to be representative of ventricular myocardium as a whole. Although differences between the action potential characteristics of ventricular subepicardial and subendocardial tissues have long been recognized, a systematic study of the electrophysiological and pharmacological distinctions between the two tissue types and the ionic basis for these differences has been lacking. Recent studies have served to highlight some of the differences that exist between ventricular epicardium and endocardium, demonstrating important distinctions in action potential morphology, ionic currents, and responsiveness to antiarrhythmic and other cardioactive drugs. These findings are described below and discussed in terms of their potential to advance our understanding of the J wave in the ECG, potassiumdependent changes in the T wave of the ECG, supernormal conduction in ventricular myocardium, rate dependence of refractoriness, the greater sensitivity of epicardium to ischemia, and the role of the epicardium in the genesis and termination of arrhythmias.
Action Potential Characteristics
Compared with that of endocardium, the action potential of canine ventricular epicardium shows a smaller phase 0 overshoot, a much more prominent phase 1, a phase 2 amplitude greater than that of phase 0, and a briefer action potential duration (APD) at moderate to fast stimulation rates. The resting potential and maximal rate of rise of the action potential upstroke (Vm,) are not significantly different in the two tissue types' (Figure 1) .
A prominent spike and dome morphology of the epicardial action potential is found in all except very young dogs (Figure 2 ). Age-related changes in the manifestation of the spike and dome have previously been described in human atrial21 and canine Purkin-je22 tissues. Adult canine papillary muscles generally display little if any spike and dome, whereas adult canine ventricular trabeculae usually manifest a small notch in the early phases of the action potential. The presence of a more prominent spike and dome or notch in ventricular epicardium than in endocardium has been described in the canine heart in vivo23 and in vitro,l-6 as well as in isolated myocytes (see Figure 17 ). This distinction between epicardium and endocardium is also seen in ventricular myocytes from adult cat13-16 and rabbit17 hearts. In the ventricle, the spike and dome configuration appears most prominent in canine epicardium, is less so in cat and rabbit epicardium, and is totally lacking in calf epicardium.
Canine epicardium and endocardium also differ with respect to restitution of action potential parameters ( Figure 3A ). In epicardium, premature beats elicited early in diastole show a disappearance of the spike and dome morphology. The action potentials of early premature beats in epicardium therefore resemble those of endocardium. Similar changes are observed in the basic responses when the stimulation rate is accelerated. The morphology of the endocardial action potential shows far less rate dependence; aside from changes in APD, restitution scans reveal only slight changes in action potential parameters. [1] [2] [3] Another distinction is that the restitution of phase O amplitude is biphasic in epicardium but monotonic in endocardium. In both tissues, the earliest response that can be elicited shows a phase 0 amplitude that is smaller than that of the basic beat. In endocardium, the phase 0 amplitude of later beats quickly approaches that of the basic beat. In epicardium, however, the phase 0 amplitudes (overshoot) of premature beats occurring soon after full repolarization are distinctly larger than those of the basic beat.
Using action potential data, Litovsky and Antzelevitch' suggested that these differences in the electro- elicited by depolarization steps to +20 mV from holding potential of -75 or -35 mV. Transient outward current was totally inactivated at -35 mV Action potentials were recorded using a microelectrode; currents were recorded ;from a different cell using the continuous-clamp method with 2 mM Mn2' and 30 MM tetrodotoxin in the external solution.
(From Reference 25.)
A direct correlation between the action potential notch and 'to was recently demonstrated in canine ventricular myocytes by Tseng and Hoff-man25 ( Figure 4 ). Transient Outward Current I, has been described in cardiac as well noncardiac tissues26-28 and has been given a number of different names including positive dynamic current, chloride current, initial outward current, lqrv IA, It, and early outward current. In the heart, 'to has been reported or suggested to occur in sheep,29-33 calf,34-36 and dog37 Purkinje fibers; rabbit38 and rat39 ventricular myocardium; dog epicardium' and endocardium40; rabbit papillary muscles41; and hu-man21 and guinea pig42 atrial tissues. Recent studies have also described this current in isolated rat,3943 rabbit 17,44 cat,13 and dog25,45 ventricular myocytes; rabbit atrioventricular nodal cells,46 crista terminalis, and atrial cells47-49; human atrial cells50; and canine Purkinje cells.51 Ito is thought to be relatively weak in canine, feline, and rabbit endocar-dium1''3,17,37 and apparently is absent in sheep and calf myocardium.24 It is believed to be predominantly carried by K+ ions31-33 43,47 and shows voltage-dependent activation, inactivation, and reactivation.29 -31,34,36,39 -41,43,45 -47 A calcium-activated component has been suggested in a number of studies. 1"26,29,34-36,44,50,52 Although this component is reduced in low chloride,30'53'54 the chloride sensitivity of the current has generally not been accepted as evidence that chloride is the ion carrier.31,33,36 Zygmunt and Gibbons55 recently presented evidence in support of the hypothesis that the calcium-activated component of Ito in rabbit ventricular myocytes is a calcium-activated chloride current, as was suggested earlier for Purkinje fibers (see Reference 26 for a review).
Restitution of the amplitude of phase 1 has been suggested as a marker for the availability and reactivation kinetics of Ito. By using this methodology, two exponential processes have been suggested in canine ventricular epicardium1"3: 1) a slow component (Itol), which recovers with a time constant (ir) of 250-600 msec and is largely abolished by the It. blocker 4-aminopyridine (4-AP; 1-5 mM); and 2) a fast component (Ito2) with a r of 40-85 msec that is diminished by 4-AP but is also inhibited by ryanodine and by Sr2+ replacement of Ca ' interventions known to inhibit the Ca24-activated component of Ito.
Using voltage-clamp techniques, Tseng and cowork-ers25,45 recently demonstrated two components of 'to in isolated canine ventricular myocytes that displayed a spike and dome. The reactivation kinetics and pharmacological sensitivities of the two components were qualitatively similar to those described in action potential experiments in which the / phase 1 amplitude method was used as an estimate of the availability of 1to.1-6 Two components of reactivation and inactivation of Ito with brief and long time constants have been described or suggested in a wide variety of cardiac tissues and cells.1'25S29-31,36,44-47,50,52
The presence of a prominent I,, in canine epicardium but not endocardium, initially suggested based on indirect action potential data,' is supported by the finding of Tseng and Hoffman25 that only half of the cells isolated from transmural segments possess an I, or a prominent spike and dome. More direct evidence for the presence of a prominent Ito in epicardium but relatively weak Ito in endocardium was recently provided by Furukawa and coworkers13 using ventricular myocytes dissociated from the respective surfaces of the cat heart ( Figure 5 ). Two components of Ito were observed. Ito, was found consistently only in epicardial cells. Ito2 was found in both cell types but was much more prominent in epicardium.13 Fedida and Giles17 also recently reported qualitatively similar results by using myocytes enzymatically dissociated from rabbit left ventricle.
Ito was weakest in papillary muscle myocytes, more intense in other parts of the endocardium, and most prominent in epicardial myocytes. The regional differences were found to be due to differences in channel density; epicardial cells were estimated to have nearly twice the density of papillary muscle cells. This distinction between epicardium and endocardium is also seen in rat ventricular myocytes.
(W.R. Giles, H. Duff, and J. Sanchez-Chapula, personal communication, 1991). Voltage-clamp experiments showed a very large ,to in epicardial myocytes from the base of the left ventricle of the rat heart but . Correlation between the action potential notch and the transient outward current. Current tracings were recorded during 300-msec depolarizingpulsesfrom a holdingpotential of -80 mV to a test voltage of +30 mV Intemal solution contained no EGTA. Panel A: Data from an endocardial cell. Panel B: Data from an epicardial cell. Action potentials and current tracings were obtainedfrom the same preparation and were elicited at an identical pacing rate (0.5 Hz). Left panels show action potential and current tracings in the control state. Normal Tyrode's solution without 4-aminopyridine (4-AP) or caffeine was used as external solution. A prominent action potential notch and a prominent transient outward current were observed in the epicardial cell (panel B), whereas a small notch and small outward transient current were recorded in the endocardial cell (panel A). In the middle panels, application of 2 mM 4-AP substantially decreased the action potential notch and transient outward current recordedfrom the epicardial cell (panel A). The right panels show complete abolition of the action potential notch and transient outward current in both epicardial and endocardial cells after exposure to 2 mM 4-AP and 5 mM caffeine. (From Reference 13.) no identifiable Ito in endocardial myocytes from the apex of the left ventricle.
The relative contribution of the two components of ,to to transmembrane activity is not well defined. In syncytial preparations, action potential data suggest that Lto2 may be as great or greater than 'tol in canine epicardium from the base of the right ventricle.' Data from voltage/patch-clamp studies in canine25 and fe-line13 myocytes and sheep Purkinje fibers29 suggest that 1to2 is a small fraction of Itol, whereas data from calf Purkinje fibers34 have been used to suggest that Lto2 is more prominent. Ito2 is reportedly either small4455 or absent49 in rabbit atrial and ventricular myocytes and totally absent in rat ventricular myocytes.43 The large variability in the relative contribution of the two components may be related to a number of factors including 1) species differences, 2) regional differences, 3) differences in experimental protocols, 4) difficulty in separating Lto2 from the inward calcium current (Ica),25 5) diminution of Lto2 caused by calcium buffering,25 and 6) the general assumption that 4-AP is a selective blocker of 'tol and has no effect on 1to2* As would be expected, epicardial and endocardial tissues of the canine ventricle respond very differ-ently to 4-AP, an IO blocking agent (Figures 3, 5, and 6). In endocardium, 1 mM 4-AP prolongs the duration of the action potential but produces little change in the other action potential parameters ( Figure 3B ). In epicardium, 4-AP produces a prominent augmentation of phase 0 and phase 1 amplitudes and an attenuation of the spike and dome morphology. Further augmentation of the amplitudes of phases 0 and 1 in epicardium and a loss of time-dependent changes of these parameters are observed when the concentration of 4-AP is increased to 5 mM ( Figure  3C ). The large excess of overshoot in early versus late diastole observed in epicardium under control conditions is greatly diminished by 1 mM 4-AP and totally abolished with 5 mM 4-AP. Neither concentration of 4-AP produces a significant change in Vmax' The data presented in Figure 6 suggest that although 4-AP preferentially blocks Iv1,, its actions to inhibit 1t02 may be significant. Resolution of this issue awaits further study using voltage-clamp techniques.
Other Ionic Currents
Recent studies point to other important differences in the ionic currents that underlie the activity FIGURE 6. Recovery ofphase 1 amplitude in epicardium. Each panel shows a semilogarithmic plot of the difference between phase 1 amplitude of the basic beat (basic cycle length =2,000 msec) and that ofpremature beats introduced at progressively longer S1-S2 intervals (see inset). of ventricular epicardium and endocardium. Furukawa and coworkers (unpublished results, 1991) found major differences in the characteristics of the inward (IK1) and delayed (IK) rectifiers between epicardial and endocardial myocytes enzymatically dissociated from the cat left ventricle. The steady-state current in endocardial cells displayed a distinct N-shaped current-voltage relation, with a prominent outward current at potentials between -80 and -30 mV. The outward current region was much smaller in epicardial cells, displaying a blunted N-shaped appearance. The Cs+-sensitive component representing 'K1 was prominent in endocardial but not epicardial cells. Moreover, this study showed that IK is more prominent in epicardial than in endocardial myocytes because of a higher density of channels as well as a higher probability of channel openings (T. Furukawa, S. Kimura, N. Furukawa, A.L. Bassett, and R.J. Myerburg, unpublished results, 1990). The latter distinction may account for the briefer action potentials displayed by epicardial cells. In preliminary studies involving myocytes enzymatically dissociated from the canine ventricle, we have not observed significant differences in IK1 between endocardial and epicardial cells (unpublished observation). This suggests the possibility that important species differences exist between canine and feline ventricular epicardium.
In another study, Furukawa et al15 showed that compared with endocardial myocytes, ATP-regulated K' channels in feline epicardial cells are activated by a smaller reduction in intracellular ATP. The greater sensitivity of ATP-regulated K' channels in epicardium may help to explain the disparate response of epicardial and endocardial cells to ischemia and metabolic inhibition. The greater depression or shortening of the epicardial response observed during metabolic inhibition may also be due to a greater depression of 'Ca in epicardial cells of the feline heart.16 No other distinctions in ionic currents have been described to date. It is noteworthy that differences in the intensity or kinetics of Tor L-type calcium cur-rents56-58 in epicardium versus endocardium could potentially contribute to differences in the early phases of the action potential in these two tissue types. However, the available data indicate that the characteristics of Ica are very similar in epicardium and endocardium of the feline ventricle.'6 A great deal of work clearly remains to be done to define the distinctions in ionic currents between ventricular (as well as atrial) epicardium and endocardium.
Supernormal Conduction in Epicardium
The absence or presence of supernormal conduction or excitability in ventricular muscle has long been a matter of debate. In vivo studies5960 using . Supemormal conduction in epicardium. The two transmembrane tracings were recorded from the proximal (P) and distal (D) segments of an epicardial strip mounted in the sucrose gap. Basic stimulation applied to the proximal site at a basic cycle length of 500 msec elicited responses (first and third) that failed to propagate across the zone of depressed conductivity (sucrose gap). A premature beat elicited in early diastole displayed a much greater amplitude and succeeded in propagating across the gap. (From Reference 3.) extracellular stimulating electrodes (in many cases applied to the ventricular epicardium) report a supernormal period, whereas studies of canine ventricular muscle tissues (endocardium) in vitro have failed to uncover a period of supernormal excitability.61 The existence of a biphasic restitution of action potential amplitude in epicardium (Figures 3A and 6A) suggested that the characteristics of recovery of the source (tissue already activated) rather than the characteristics of recovery of the excitability of the sink (tissue awaiting activation) may be responsible for supernormal conduction in ventricular epicardium. Under conditions of impaired conduction, anisotropy, or just suprathreshold stimulation, supernormal conduction may occur in epicardium because of the much greater local circuit current provided by the source in early versus late diastole.
A test of the hypothesis was performed using canine ventricular epicardial strips mounted in a sucrose gap.3 Constant current pulses applied across the sucrose gap were first used to establish the absence of a supernormal phase of excitability in this tissue; a monotonic strength-interval relation was observed. To test the possibility of supernormal conduction, basic stimuli were applied to the proximal segment and the value of the shunt resistance bridging the sucrose gap was increased until complete conduction block occurred. Premature stimuli were then introduced at progressively longer SI-S2 intervals. Figure 7 illustrates the successful and prompt transmission of an early premature response across the inexcitable gap, providing direct evidence in support of the hypothesis. The temporal window for supernormal conduction in this model depends on several variables including the kinetics of reactivation of ,to.
Rate Dependence ofAction Potential Duration and Refractoriness in Ventricular Epicardium and Endocardium
The restitution and rate dependence of APD in ventricular myocardium have been the subjects of many studies.62-69 Rate-and time-dependent changes in APD are generally attributed to 1) incomplete recovery of ionic currents and a contribution from electrogenic pump currents between one action potential and the next and 2) changes in activity of the ions in the intracellular and extracellular compartments.26f65S66,70-73 The first is primarily invoked to explain changes that occur with isolated premature beats or during the first few beats after an abrupt change of frequency, whereas the second accounts for the slower and more gradual change in APD that develops after a change in rate.
The presence of a prominent, slowly reactivating 'to in canine ventricular epicardium but not endocardium contributes to differences in the time and rate dependence of APD and refractoriness in these two tissue types.2 The rate dependence of APD is more pronounced in epicardium than in endocardium and the APD-rate relations of the two tissues generally cross over at a basic cycle length of approximately 800-1,000 msec. Thus APD in epicardium is briefer than in endocardium at rapid stimulation rates but longer at slow rates. Changes in the effective refractory period generally parallel those of APD in both tissues. The two tissue types also differ with respect to the characteristics of recovery of APD. While the restitution curve for endocardium reaches a steady state early in diastole, that of epicardium exhibits a slow creep with progressive prolongation of APD throughout the diastolic period. These characteristics of APD restitution observed in syncytial preparations are similar to those documented by Robinson et a173 in a fraction of canine ventricular myocytes of transmural origin.
Although the presence of an additional outward current might be expected to abbreviate the action potential, ,to has the opposite effect in canine epicar-dium2 and human atrium.50 ,to exerts a prolonging influence because it induces a rapid early repolarization (phase 1), which gives rise to a delay in the achievement of the peak plateau voltage. Thus the start of final repolarization (phase 3) is delayed and APD is prolonged. I, is thought to have little or no direct influence on phase 3 in canine ventricular or human atrial tissues because of its rapid inactivation kinetics2 but is believed to contribute to phase 3 and to abbreviation of APD in atria and ventricles of species displaying briefer APDs (e.g., guinea pig, rabbit, and rat).38R4142 brane recordings obtained from isolated epicardial (Epi) and endocardial (Endo) preparations and a simulated ECG tracing (bottom tracing) obtained by differential recording of the same two responses. A slight delay was introduced in the delivery of stimuli to the two tissues to mimic transmural conduction. Basic cycle length=1,000 msec. (Modified from Reference 3.) Differential Sensitivity to Potassium and the T Wave A differential sensitivity of epicardium and endocardium to changes in [K+10 has also been uncovered.11 An increase of [K'], from 2 to 8 mM produces similar changes in action potential amplitude (phase 0) and resting membrane potential in the two tissue types, but changes in APD are considerably more pronounced in epicardium than in endocardium. This difference is greatly reduced or eliminated in the presence of the 'to blocker 4-AP. The crossover of the APD-rate relations of the two tissues also shifts to longer basic cycle lengths as [K']. is increased.
Differences in the response of epicardium and endocardium to [K'], were concluded to be in large part due to the presence of a prominent 'to in epicardium but not endocardium. To assess how changes in [K']. might influence the manifestation of the electrocardiographic T wave, a differential recording of activity from isolated endocardial and epicardial preparations was obtained ( Figure 8 ). The simulated ECG shows a negative "T wave" at a [K'] of 2 mM, which becomes progressively more positive with increases in [K+]O. The slightly positive T wave at a [K']0 of 4 mM is due to the fact that APD in epicardium is slightly shorter under these conditions. When [K']. is lowered to 2 mM, comparable hyperpolarization occurs in both tissues, but APD prolongs more in epicardium than in endocardium, leading to inversion of the T wave. The greater change in epicardium appears to be due to an accentuation of phase 1, giving rise to an additional delay between the first and second upstrokes of the epicardial action potential. At a [K']O of 6.5 mM, APD abbreviates more in epicardium than in endocardium, resulting in a tall positive T wave in the simulated ECG. The greater response of epicardium appears to be due to attendant changes in the early phases of the epicardial action potential. The T wave changes observed in the simulated ECG are qualitatively similar to those observed in clinical ECG traces during hyperkalemia and hypokalemia.
Hypothermia, Hypercalcemia, and the Osbome Wave
A prominent spike and dome in ventricular epicardium but not endocardium would be expected to produce a voltage gradient during ventricular activation that should manifest in the ECG as a low-amplitude late delta wave or what is commonly referred to as an Osborne wave or J wave. A prominent J wave in the standard ECG is a well-known feature of hypothermia.74 A possible explanation for the accentuation of the J wave during hypothermia is that the spike and dome morphology of the epicardial response becomes more prominent at low temperatures, whereas the early phases of the endocardial response are unaffected or less affected by the change in temperature. West and coworkers75 reported nearly 30 years ago an accentuation of the spike and dome of action potentials recorded from the epicardial surface of canine ventricles in situ under hypothermic conditions. Recent studies conducted using isolated canine ventricular epicardial and endocardial preparations provide support for the hypothesis that the manifestation of a J wave or J point elevation in the ECG is due to the spike and dome configuration of the action potentials of cells of epicardial and deep subepicardial origin.12 Figure 9 illustrates an example of the effect of temperature on action potentials recorded from epicardium and endocardium and on a simulated ECG tracing representing the differential recording of the transmembrane activity of these two tissues. Cooling accentuates the spike and dome of the epicardial response but produces little change in the early phases of the endocardial response. As a consequence, the low amplitude deflection (J wave) after the "QRS" of the simulated ECG becomes taller and wider.
Hypercalcemia is also known to give rise to an Osborne wave or J wave in the standard ECG.76 In recent studies, we have demonstrated that increasing [Ca2,]0 causes an accentuation of the spike and dome configuration of the epicardial action potential but a positive shift in the voltage of the plateau of the endocardial action potential. These changes result in a taller and wider "J wave" in the simulated ECG. The available data suggest that differences in the response of epicardium and endocardium to changes in [Ca21]0 and temperature are in large part responsible for the accentuation of the J wave in the ECG under hypercalcemic and hypothermic conditions.
Differential Sensitivity to Ischemia and Components of Ischemia
Several studies have demonstrated that canine and feline ventricular epicardium are more sensitive than EK]0= 2.0mM
. Accentuation of the "J wave" during hypothermia. Transmembrane activity recorded from epicardial (Epi) and endocardial (Endo) preparations isolated from a canine ventricle. The lowermost tracing in each panel is a differential recording of the two upper tracings (simulated ECG). The tracings in the right panel were recorded after the temperature of the superfusate was cooled to 28C. The decrease in temperature caused little change in the early phases of the endocardial action potential but a dramatic accentuation of the spike and dome morphology of the epicardial response leading to a 175% increase in the duration and a 78% increase in the amplitude ofthe J wave. Recent work involving isolated tissues and myocytes points to intrinsic cellular electrophysiological differences as the basis for the differential sensitivity to ischemia.3,7'15"16,93'94 Using isolated canine ventricular epicardial and endocardial preparations, Antzelevitch et a13 and Lukas and Antzelevitch7'93,94 recently tested the hypothesis that differences in the contribution of I, to the activity of epicardium and endocardium contribute to differences in the sensitivities of the two tissues to ischemia. Superfusion with a simulated ischemic solution (6 mM K', 95% N2-5% C02; pH 6.8) was shown to cause a much greater depression of the action potential in epicardium than in endocardium ( Figure 10 ). In support of the hypothesis, the Ito blocker 4-AP was shown to rapidly reverse the "ischemia"-induced depression of the epicardial response but to produce little change in the transmembrane response recorded from endocardium ( Figure 1OC ). Further support for the hypothesis was obtained from experiments demonstrating a reversal of the "ischemia"-induced depression of epicardial activity after acceleration but not by deceleration of the stimulation rate. (Acceleration results in a diminution of the spike and dome in epicardium secondary to a decrease in the availability C Ischemia'+4-AP ( Conditions of ischemia are known to diminish sodium currents (INa) and ICa in cardiac tissues and to augment the outward potassium currents secondary to an increase in [Ca24]j.95-98 The greater sensitivity of epicardium to ischemia may be explained on the basis of a shift in the delicate balance of currents that exist at the end of phase 1 of the epicardial action potential. Under normal conditions, the early repolarization phase in epicardium brings the membrane potential within close proximity of the threshold voltage for ICa (-20 to -40 mV). At these potentials, 'Ca is relatively weak and slow to activate and is opposed by any 'to that has not yet inactivated. The balance of these two currents in large part would determine the rate of rise of the second upstroke or, alternatively, the failure of a second upstroke to emerge. A decrease of ICa during ischemia would shift the balance of currents such that the net inward current at the end of phase 1 is weaker. Further decrease of 'Ca would result in a net outward current and an "all or none repolarization" at the end of phase 1. This shift in the balance of currents could be facilitated by a concomitant increase in the calciumactivated component of 1,, secondary to a rise in [Ca2"]i. Inhibition of J,0, under these conditions, would be expected to promptly restore the action potential plateau by shifting the balance of currents in the inward direction. The action of 4-AP and of acceleration of the stimulation rate to reverse the depression of the epicardial response brought on by ischemia is consistent with the effects of these interventions to reduce 1.
Other intrinsic electrophysiological distinctions that may contribute to a greater sensitivity of epicardium to ischemia include a greater depression of ICa and/or activation of the ATP-regulated K' outward current (IK,ATP) in epicardium compared with endocardium. This suggestion is based on recent work by Kimura, Furukawa, and coworkers1'516 in which changes in these currents were found to be greater in feline epicardial versus endocardial myocytes after metabolic inhibition produced by exposure of the preparations to 1 mM cyanide. Cyanide-induced activation of 'KATP was greater in epicardium than in endocardium because a smaller reduction in intracellular ATP was required to activate the ATP-regulated K' channels in the epicardial cells.15 In canine ventricular tissue, direct activation of 'K,ATP with pinacidil causes marked action potential abbreviation in epicardium but not endocardium.9 These effects of pinacidil are reversed with glibenclamide as well as with 4-AP, suggesting that 'to amplifies the effects Of lKATP activation in epicardium, causing a more pronounced abbreviation of the epicardial action potential.9
Electrical heterogeneity in epicardium during ischemia or after exposure to agents that mimic certain stimulating electrodes) at which the dome is maintained and one (middle) at which it is abolished. Electrotonic current flowingfrom sites displaying long action potential durations to those displaying a short action potential duration is likely responsible for the generation of a reentrant beat at the site depicted by the middle recording. The ectopic impulse then propagates normally to the proximal site but is blocked in its attempt to conduct to the distal site, causing only an electrotonic hump in the repolarization phase of the distal response. This is one ofmany types ofreentry encountered in this model. components of ischemia, such as pinacidil, has been shown to facilitate the development of reentrant arrhythmias in sheets of canine epicardium.9,94 Microelectrode recordings from these preparations indicate that reentrant activity arising under these conditions exhibits features characteristic of both circus movement and reflection mechanisms. [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] Activation of ATP-regulated K' channels contributes to increased potassium permeability and thus is believed to contribute to arrhythmogenesis under ischemic and hypoxic conditions.115 There is some controversy as to whether ATP levels drop low enough during ischemia to activate the ATP-regulated channels.116-119 Davies120 has recently provided evidence suggesting that a combined ATP depletion-pH effect (acidosis) may underlie the opening of these channels. Pinacidil (1-5 gM) activates these channels directly12' and, like ischemia, has been shown to produce a marked dispersion of repolarization and refractoriness in epicardium as well as between epicardium and endocardium, leading to the development of reentrant arrhythmias9 (Figure 11 ). Reentry elicited under these conditions is totally suppressed after exposure to glibenclamide (10-6 M), a blocker of IK,ATP.122 These results suggest that a relatively small increase in the intensity of the 'KATP during ischemia can contribute importantly to the development of electrical inhomogeneity in the ventricle and thus to the genesis of cardiac arrhythmias. The conduction problems engendered by the development of heterogeneity in the APDs across the ventricular wall as well as among different epicardial sites could be further aggravated by changes in gap junctional conductance and intercellular coupling secondary to intracellular acidosis and calcium overload occurring under these conditions. The available data also suggest that selective blockade of 1,. and/or IK ATP may be useful antiarrhythmic interventions under ischemic or "ATP-depleted" conditions.122 It is noteworthy that under some conditions activation of ATP-sensitive K' channels, rather than block, may be antiarrhythmic. Spinelli and coworkers123 recently made this point in an elegant study in which they demonstrated pinacidil's actions to suppress abnormal automaticity and early and delayed afterdepolarization-induced triggered activity.
Ischemia-Induced Electrical Altemans in Epicardium
Under ischemic conditions, complete suppression of the dome in canine ventricular epicardium is often preceded by periods of alternans. During this period, the action potential dome is alternately present and absent, resulting in alternating brief and long (normal) action potentials similar to those illustrated in Figure 10B .
Beat to beat changes in APD (alternans) are thought to contribute importantly to the development of dispersion of refractoriness and arrhythmias (see Reference 124 for review). Action potential alternans has been demonstrated in situ after coronary occlusion in a number of studies using microelectrode recordings125-129 and monophasic action potential recordings. [130] [131] [132] An association between the appearance of electrical alternans and the occurrence of ventricular arrhythmias has been described by several investigators.125'27'33-'36 More recently, Nearing and coworkers137 have reported a link between T-wave alternans and vulnerability to ventricular fibrillation.
It is generally accepted that alternans of the ST segment and T wave during ischemia results from alternation of the action potential configuration/ duration rather than from alternation in excitability or conduction. However, the precise mechanisms for the beat to beat changes are unknown. Smith and Cohen138 have proposed that alternans may reflect summation of the electrical activity of subpopulations of myocardial cells that generate action potentials only on alternate beats. Others have ascribed alternans to the appearance of early afterdepolarizations with every other beat. 139, 140 The results illustrated in Figure 10B suggest an alternative mechanism for electrical alternans. Alternation in the appearance and disappearance of the dome portion of the epicardial action potential, as is observed in canine ventricular epicardial tissues during simulated ischemia, would be expected to result in T-wave alternans in which "normal" T waves alternate with T waves showing early repolarization at some sites. This behavior is consistent with that described by Nearing and coworkers.137 Depression of the dome at some epicardial sites but not others predisposes to reentrant arrhythmias in the isolated preparations and would be expected to set the stage for reentry in vivo. In this scheme, alternans could serve to signal the onset of the development of dispersion of refractoriness secondary to loss of the action potential dome at some epicardial sites. The alternans itself could contribute to the heterogeneity of the excitable medium and thus could facilitate the development of arrhythmias.
Differential Responsiveness to Drugs
In light of the electrophysiological distinctions between epicardium and endocardium, it is not surprising that the two tissue types respond differently to a variety of drugs. Differences in the response of epicardium and endocardium to agents that facilitate or inhibit 1,, or 'Ca were anticipated. Recent studies indicate that a wide variety of antiarrhythmic and other drugs with diverse mechanisms of action exert different, and at times opposite, effects on epicardium and endocardium. The differential response to 4-AP has already been described (Figure 3 ). Another example is the response to cholinergic and adrenergic agonists such as acetylcholine (ACh; Figure 12 ) and isoproterenol. Cholinergic and Adrenergic Agonists A prolongation of the ventricular effective refractory period (ERP) in response to cholinergic agonists or vagal stimulation has been demonstrated in a number of in vivo animal models.141-145 However, exposure of isolated endocardial ventricular tissues obtained from these hearts to as much as 10-4 M ACh was found to produce essentially no change in APD or ERP. [146] [147] [148] [149] [150] recently, this discrepancy between the in vivo and in vitro observations was explained on the basis of accentuated antagonism, whereby parasympathetic agonists exert their influence through antagonism of the effects of ,B-adrenergic tone in vivo.15' Using standard microelectrode techniques, Litovsky and Antzelevitch4 recently presented evidence in support of a direct effect of ACh in canine ventricular epicardium. ACh (10-7 to 10-5 M) was shown to produce little if any effect in canine ventricular endocardium but a pronounced effect to either prolong or markedly abbreviate APD and ERP in epicardium (Figure 12 ). These effects of ACh on epicardium are attended by an accentuation of the spike and dome morphology of the action potential, are readily reversed with atropine, fail to appear when epicardium is pretreated with the Ito blocker 4-AP, are accentuated in the presence of isoproterenol (10-7 to 5x 10-6 M), and persist in the presence of propranolol.
Isoproterenol-induced abbreviation of APD and ERP was also found to be more pronounced in epicardium than in endocardium. Equimolar concentrations 180 ,, of ACh completely antagonized the effects of isoproterenol in both endocardium and epicardium. These findings indicate that ACh exerts important direct effects on the electrical response of canine ventricular myocardium that can be amplified through indirect effects in the presence of t3-adrenergic agonists. This conclusion is consistent with those of other studies that have provided evidence for a direct effect of ACh in feline and human hearts.'52'153 It is thus possible that ACh may exert antiarrhythmic as well as arrhythmogenic effects through direct actions to alter conduction and refractoriness. The available data, limited as they may be, suggest that the principal action of ACh in canine ventricular myocardium may be to diminish 'Ca, as in other cardiac tissues,154-157 and that ICa inhibition causes very different action potential changes in epicardium versus endocardium because of the presence of a prominent It.-mediated spike and dome in epicardium but not endocardium. 4 Although data relative to the effects of ACh on ionic currents in ventricular myocardium are not available, in other tissues ACh has been reported to have no effect on jto. 158 The differential responsiveness of epicardium and endocardium to isoproterenol is likely caused by a rebalancing of currents flowing during the early as well as late phases of the action potential. 13-Adrenergic agonists are known to affect all of the major currents contributing to phase 1 as well as phase 3 repolarization, including Ito, 'Ca, and lK.159"160 a-Adrenergic agonists, although without effect on the spike and dome morphology of the action potential in canine ventricular epicardium (unpublished observation, 1991), have been shown to strongly inhibit I, in other tissues and thus to prolong APD and refractoriness.16'-163
Calcium Channel Blockers
If the actions of ACh are in large part attributable to 'Ca inhibition, it stands to reason that calcium channel blockers should exert similar differential effects on epicardium and endocardium. Several studies have reported disparate actions of calcium channel blockers in these two tissue types. The dome portion of action potentials recorded from canine ventricular epicardium is reportedly lost when isolated preparations are exposed to organic Ca'+ channel blockers such as verapamil'64 and nifedipine165 and inorganic inhibitors such as MnCl2.166 Exposure to Ca2`-free Tyrode's solution yields similar results. 166 In contrast, calcium channel blockers cause only a slight (-10%) abbreviation of the action potential in endocardium.Th'67 It should be noted that at least two studies have failed to observe major action potential changes in canine77 and feline'67 ventricular epicardium after calcium current inhibition with verapamil. A possible explanation is that the experimental protocols used in these studies precluded the appearance of a prominent spike and dome in epicardium under control conditions. Another possibility is that, at the concentrations used, verapamil also blocked ,to. Some diminution of 'to2 would be expected after Ca2' blockade. Moreover, inhibition of 'to1 has recently been reported as an effect of dihydropyridine-like Ca' antagonists in rabbit atrial and rat ventricular myocytes.168,169
Sodium Channel Blockers
Class I antiarrhythmic agents are among the most widely used of antiarrhythmic drugs. Although grouped into three subclasses, all possess the ability to block sodium channels in cardiac tissues. Sodium channel block is a feature common to many other antiarrhythmics as well. The electrophysiological effects of sodium channel block have generally been thought to be quite uniform, straightforward, and therefore well understood. They generally consist of 1) suppression of the rate of rise and the amplitude of phase 0 of Vma, via inhibition of the fast INa and 2) abbreviation of the APD secondary to block of the sodium "window current" or slowly inactivating tetrodotoxin-sensitive sodium current.170417' Recent investigations, however, indicate that sodium channel Transmembrane recordings and tracings of the maximal rate of rise of the action potential upstroke obtained before (solid line) and after (dotted line) exposure to 3 1iM TTX. TTX decreased the amplitude and rate of rise of phase 0 in both tissues. In endocardium, TTX abbreviated the action potential duration. In epicardium, the decrease in phase 0 and phase 1 amplitudes resulted in a delayed second upstroke and an increase in action potential duration. A more negative termination of phase 1, after longer exposure to TTX, caused abolition ofthe epicardialplateau and marked abbreviation of the action potential. Basic cycle length=300 msec. (From Reference 6.) block with tetrodotoxin, flecainide, and high concentrations of propranolol can produce very different effects in canine ventricular epicardium and endocar-dium6 ( Figure 13 ). These data demonstrated for the first time an effect of sodium channel block to prolong APD in ventricular myocardium in vitro. These results point to a heterogeneous and in some cases opposite response of epicardial and endocardial ventricular tissues to sodium channel blockers and delineate novel mechanisms by which sodium channel block may produce proarrhythmic as well as antiarrhythmic effects.6 A possible explanation for the paradoxical prolongation of APD in epicardium is that inhibition of INa causes a diminution of phase 0 amplitude, which then leads to a cascade of events in which the activation states and kinetics of several other ionic currents are altered. One possible scenario is as follows: druginduced block of the sodium channels would cause INa and 'Ca activated during phase 0 to be overwhelmed by Ito, resulting in the start of early repolarization (phase 1) at less positive potentials. Because phase 1 begins at less positive potentials and because the contribution of net inward current is weaker, phase 1 would proceed to more negative potentials. At these negative voltages the availability of ICa would be considerably compromised because of inactivation and slower activation and reactivation kinetics. Because the net inward current available at the end of phase 1 (as 'to inactivates) is diminished, the second upstroke giving rise to phase 2 (plateau) of the action potential would be slowed. Activation of the delayed rectifier, IK, may likewise be delayed, thus permitting phase 2 to achieve a more positive potential before IK overtakes 'Ca, giving way to final repolarization. The slower second upstroke and the more positive voltage achieved during phase 2 would result in a delay of the start of phase 3, thus causing a prolongation of APD (Figure 13 ).
With greater inhibition of INa the relative influence of Ito would be greater, resulting in termination of phases 0 and 1 at still more negative potentials. Net outward current during phase 1 may be so strong as to overwhelm ICa and any residual sodium current, thus causing all-or-none repolarization. The failure of these inward currents to overtake the outward currents (mainly 'to and IK), as they normally do at the end of phase 1, would result in abolition of the dome and a marked abbreviation of APD.
Flecainide-Induced Reentry in Epicardium
Loss of the action potential dome in epicardium, whether from ischemia, sodium blockade, pinacidil, or other pharmacological agents, is usually nonhomogeneous, with abbreviation of the action potential observed at some sites and prolongation at other sites. The marked dispersion of refractoriness that develops under these conditions provides an ideal substrate for reentry. Figure 14 illustrates an example of one type of reentrant activity observed after exposure of a canine ventricular epicardial preparation to flecainide.
Rteentry is seen more readily with flecainide than with other sodium blockers in isolated epicardium. This may be due to the fact that profound sodium blockade and thus marked dispersion of repolarization in epicardium, as well as between epicardium and endocardium, can occur at relatively slow stimulation rates. This is possible because of flecainide's strong use-dependent block of the sodium channels caused by slow dissociation of the drug from the channels. These features of the drug allow for the development of potent use-dependent block of the sodium channels under conditions that permit time for recovery of It.
The combination of strong inhibition of INa and high availability of It, strongly favors the loss of the dome at epicardial sites and thus the development of electrical heterogeneity. These characteristics of the class IC antiarrhythmics may contribute to their arrhythmogenicity.172"173 The degree to which flecainide's inhibition of 'Ca174 and 1K175 contributes to these phenomena remains to be elucidated.
Other Cardioactive Drugs
Amiloride. Amiloride is a potassium-sparing diuretic recently shown to possess antiarrhythmic properties.
Amiloride is known to prolong APD and refractoriness At concentrations approaching therapeutic levels (1-10 ,M), amiloride produces APD prolongation in canine ventricular endocardium but abbreviation or a lesser prolongation in epicardium.5 These effects of the drug develop gradually over a period of several hours. The amiloride-induced abbreviation of epicardial APD is caused by diminution of the notch and abbreviation of the delay between the first and second upstrokes (phases 0 and 2). When the spike and dome is eliminated by pretreatment with 4-AP and ryanodine, amiloride produces comparable prolongation of APD in epicardium and endocardium. Action potential data suggest that amiloride-induced inhibition of the Ca2+-activated component of Ito (Ito2) is responsible for the diminution of the spike FIGURE 14. Flecainide-induced reentry. Transmembrane recordings from proximal (P) and distal (D) sites of an epicardial preparation exposed to flecainide (15 pM). Basic cycle length =500 msec. The first beat (S,) in each tracing is the ninth of a train of 10 basic beats. The action potential dome is absent during basic stimulation. A premature stimulus (S2) introduced with a coupling interval of 150 msec elicits a response lacking a dome at the proximal site, but one with a fully restored dome at the distal site. A local reentry 40 occurs at the proximal site. As a consequence of mV the reentry, time relations are altered so that the next basic beat (S,') elicits an action potential with a dome at the proximal site but not at the distal site. The dispersion of repolarization is reversed and, in this instance, local reentry occurs at the distal site. Right ventricle. 00 msec and dome in epicardium and that inhibition of the 'K1 may be responsible for the prolongation of APD in endocardium as well as in epicardium pretreated with I, blockers. These effects of amiloride may be secondary to the drug's effects to inhibit the Na-H exchanger. 183, 186 These hypotheses remain to be tested.
Quinidine. Quinidine's antiarrhythmic activity is generally ascribed to its use-dependent inhibition of INa and reverse use-dependent inhibition of IK. Recently, Imaizumi and Giles189 showed that quinidine also inhibits 'to in myocytes isolated from the atria and ventricles of the rabbit heart. These effects were apparent at relatively low (therapeutic) concentrations of the drug (3-10 ,M), concentrations at which neither 1Ca nor IKI was significantly affected. The effect of quinidine to block Ito distinguishes it from other sodium blockers, particularly when studied in tissues where 'to is prominent. It is for this reason that we have chosen to discuss quinidine under a separate heading.
In canine ventricular myocardium and Purkinje fibers, low concentrations of quinidine (0.5-1 ,ug/ml) induce only a prolongation of APD at slow stimulation rates, suggesting a predominant effect of the drug on IK.190"191 APD prolongation develops slowly over a period of several hours, paralleling intracellular accumulation of the drug, and is significantly greater in epicardium than in endocardium.8,192
Higher concentrations of quinidine (5 gg/ml) greatly diminish the spike and dome morphology of epicardium but have little effect on the early phases of the endocardial response. Under these conditions, the drug-induced change in APD is opposite in the two tissue types: APD prolongs in endocardium but abbreviates in epicardium. The abbreviation of the epicardial action potential is not due to loss of the dome as with other sodium blockers, but rather to attenuation of the notch. Abbreviation of the epicardial response is not seen in the presence of the 'to blocker 4-AP.8 Based on these findings, it was suggested that quinidine inhibits ,to in canine epicardium and that this action of the drug contributes to a differential effect of quinidine on APD in epicardial versus endocardial tissues.8
A Unique Subpopulation of Cells in the Deep
Subepicardium: The M Cell In attempting to quantitate the electrophysiological differences between epicardium and endocardium and to assess their gradation across the ventricular wall, Sicouri and Antzelevitch18 encountered cells in the deep subepicardial layers with electrophysiological characteristics different from those of either epicardium or endocardium. These cells, termed M cells, display a spike and dome morphology typical of epicardium but a maximal rate of rise of Vmax that is considerably greater than that of either epicardium or endocardium (Figure 15 ). The rate dependence of APD of M cells is considerably more accentuated than that of epicardium or endocardium and more akin to that of Purkinje fibers (Figure 16 ). The results of this initial study provided evidence in support of the existence of a distinct and unique subpopulation of cells in the deep subepicardial layers of the canine ventricle. These cells display characteristics common to both myocardial cells (spike and dome morphology, absence of phase 4 depolarization) and specialized conducting cells (higher Vmax, steeper APD-rate relation). Unlike specialized conducting cells, however, they show no phase 4 
depolarization, not even in the presence of catecholamines and low [K'], Although cells with
Purkinje-like action potential morphologies are commonly encountered in the atria (e.g., specialized conducting cells or plateau fibers),193 it is well established that subendocardial Purkinje fibers do not penetrate more than 2-3 mm into the wall of the canine ventricle. 194, 195 The location of the M cells in 193, [196] [197] [198] A recent preliminary report by Hoyt and Saffitz199 of morphologically distinct myocytes in the deep subepicardium and midmyocardium of the canine ventricle provides correlative evidence in support of the existence of this unique population of cells. It is noteworthy that these cells were histologically characterized as possessing features common to both specialized conducting and myocardial cells. They contain T tubules like other ventricular myocytes but are otherwise structurally similar to subendocardial conduction (transitional) cells. 199 In a recent collaborative effort, we provided these investigators with samples of our preparations in which a microelectrode was broken to identify the region at which M cells were recorded. They were able to trace the microelectrode tract to a region in the deep subepicardium that contained cells with the unique ultrastructural features of "intramural conduction cells.''18
Cells with prolonged APDs have previously been reported to exist in the deep myocardial layers of transmural preparations obtained in the region of the papillary muscles (canine right and left ventricles).200 Action potentials with unusually prolonged APDs at slow rates have also been described in single myo- cytes dissociated from transmural preparations of canine,201 rat,39 and guinea pig202 ventricles. Recent efforts by our group have focused on characterization of myocytes isolated from different regions of the ventricular wall. Figure 17 illustrates some electrophysiological features of myocytes isolated from the epicardial, midmyocardial (M cell), and endocardial regions of the free wall of the canine left ventricle. Although their function is unknown, M cells may facilitate conduction in epicardium and are likely to influence or mediate the manifestation of electrocardiographic T waves, U waves, and long QT intervals and to contribute importantly to arrhythmogenesis, intramural reentry and triggered activity, in particular.
The APD-rate relation exhibited by cells in the M region relative to cells in neighboring tissues is such that a prominent dispersion of repolarization and refractoriness develops within the ventricular wall as stimulation rate is slowed. A deep subepicardial or midmyocardial "wall" of refractoriness or "arc of block" might be expected to develop at slow rates, setting the stage for a variety of reentrant arrhythmias, intramural reentry in particular. In preliminary studies we have also observed that cells in the M region are more resistant to K' depolarization, suggesting that M cells may be better able to tolerate ischemia and thus may contribute to the heterogene-D ity of the substrate predisposing to arrhythmias during ischemia.
Intramural reentry has recently been identified as the principal mechanism underlying the initiation and maintenance of ventricular tachycardia leading to ventricular fibrillation during ischemia. [203] [204] [205] [206] Bradycardia-induced intramural reentry has been described in the acute stages of ischemia. [207] [208] [209] Pause-and bradycardia-dependent facilitation of midmyocardial reentry were shown to occur in the canine heart after 15-30 minutes of coronary occlusion (phase IB arrhythmias). The bradycardia-induced arrhythmias were accompanied by the development of prominent midmyocardial activation delays.
Drug-Induced Early and Delayed Afterdepolarizations and Triggered Activity in M Cells But Not in Epicardium or Endocardium
Idiopathic ventricular tachyarrhythmias presenting in patients without structural heart disease210-212 are often ascribed to focal mechanisms of subepicardial or midmyocardial origin. In such patients, as well as in neural stimulation-induced tachycardia models in dogs, the origin of the ventricular tachycardia is often localized to a distinct region, usually the right ventricular outflow tract.213,214 Neither pacemaker activity nor triggered activity has been recorded from syncytial myocardial ventricular preparations (canine or human) in response to adrenergic agonists or most other agents known to induce or facilitate this type of activity. An explanation for the focal mechanism of arrhythmogenesis is therefore lacking.
In recent years, a fairly large body of literature has developed describing the induction of early afterdepolarizations (EADs) and EAD-induced triggered activity by many interventions through a variety of mechanisms. [215] [216] [217] Monophasic action potential recordings obtained in vivo have been used to suggest that EADinduced triggered activity could arise from ventricular myocardium, but in syncytial preparations studied in vitro such activity can be elicited only in Purkinje fibers. EADs are rarely observed in myocardial fibers,191,218 and EAD-induced triggered activity is never observed in syncytial myocardial tissues.
Thus, in vivo studies examining the induction of EADs and delayed afterdepolarizations (DADs) have yielded data inconsistent with those obtained from syncytial myocardial tissues studied in vitro. This discrepancy is mitigated by recent studies demonstrating the induction of EADs, DADs, and in some cases triggered activity in myocytes enzymatically dissociated from ventricular myocardium.217 '219-223 Although these studies have demonstrated the ability of select myocytes to develop afterdepolarizations and triggered activity, they have not provided an explanation for the distinctions between the behavior of the myocytes and that of the intact tissue.
One possible explanation for the incongruity is that the afterdepolarizations and triggered activity in ventricular myocardium may be limited to or more readily induced in M cells as compared with other myocardial cells. As a test of this hypothesis, Sicouri and Antzelevitch19'20 exposed isolated epicardial, deep subepicardial (M cells), and endocardial tissues to agents that produce EAD-induced triggered activity, such as 4-AP, quinidine, cesium, and amiloride, and agents that produce DAD-induced triggered activity, such as norepinephrine and acetylstrophanthidin. In support of the hypothesis, 4-AP (2.5 mM; Figure 18 ) and quinidine (3.3 ,uM) induced EADs and triggered activity in M cells but not in endocardium or epicardium. Moreover, norepinephrine (10 gM; Figure 19 ) and acetylstrophanthidin (10g/ml) induced prominent DADs and triggered activity in M cells but not in epicardium or endocardium.19'20 It is of interest that reperfusion arrhythmias after myocardial ischemia are in some cases initiated by ectopic beats showing earliest activation in the subepicardium and midmyocardium.205'224'225 These beats appear to be of focal origin and may represent triggered activity arising from M cells in the deep subepicardial and midmyocardial layers of the ventricles. Afterdepolarization-induced triggered responses have been demonstrated during reperfusion after simulated ischemia in isolated Purkinje fibers attached to papillary muscles226 and in isolated canine myocytes exposed to moderate hypoxia in the presence of adrenergic agonists.227
Conclusion
The chief aim of this review was to present experimental data and concepts that advance our knowledge and understanding of the heterogeneities that [K+]0=4 mM. The two tracings were recorded from separate shavings obtained from the epicardial surface and M region of the left ventricular free wall. exist in ventricular myocardium. Our goal in presenting these concepts, some of which are still in early stages of development, is to stimulate further study of anatomic, electrophysiological, and pharmacological correlates. Much work clearly remains to be done to characterize the unique subpopulation of cells in the deep subepicardial to midmyocardial layers of the ventricular wall (M cells) and to further define the distinctions between subepicardial and subendocardial tissues and cells. Establishment of complete profiles of the electrophysiological characteristics and pharmacological responsiveness of the various tissue and cell types spanning the ventricular wall is an important goal for future research. Identification of regional (base, apex, septum, and outflow tracts) and age-related distinctions are important aims as well. These studies will no doubt advance our understanding of the bases for the electrocardiographic J, T, and U waves and improve our understanding of the mechanisms of arrhythmia and antiarrhythmic drug actions. Narrowing the gap that currently exists in this area should bring us a step closer to a more definitive and less empiric approach in the medical management of cardiac arrhythmias. 
